Abstract. The printing quality delivered by a Drop-on-Demand (DoD) inkjet printhead is severely affected by the residual oscillations in an ink channel and the cross-talk between neighboring ink channels. For a single ink channel, our earlier contribution shows that the actuation pulse can be designed, using a physical model, to effectively damp the residual oscillations. It is not always possible to obtain a good physical model for a single ink channel. A physical model for a multi-input multioutput (MIMO) inkjet printhead is made even more sophisticated by the presence of the cross-talk effect. This paper proposes a system identification-based approach to build a MIMO model for an inkjet printhead. Additionally, the identified MIMO model is used to design new actuation pulses to effectively minimize the residual oscillations and the cross-talk. Using simulation and experimental results, we demonstrate the efficacy of the proposed method.
Introduction
In recent years, inkjet technology has emerged as a promising manufacturing tool. This technology gained its popularity mainly due to the facts that it can handle diverse materials and it is a non-contact and additive process. It has been successfully applied in various fields, namely, manufacturing of solar panels, PCBs and flat panel displays [1] , metal coating and rapid prototyping. Recently, it has been adopted as a promising technology in the field of life sciences as it can be used to print DNA structures and live cells [2] . This is mainly thanks to the low operational costs, the easy scalability and the low material waste [1] offered by inkjet technology. Amongst many available drop-ondemand (DoD) technologies, the piezo-based printhead is preferred for industrial and commercial applications over thermal inkjet printheads. This is due to the fact that the piezo-based printhead can handle materials with wide chemical and physical properties because the jetting mechanism does not require localized heating of material as in the thermal inkjet printhead.
Typically, a piezo-based DoD inkjet printhead consists of several ink channels that are arranged parallel to one another. Each ink-channel is provided with a piezo-actuator, which on the application of a voltage pulse, deforms the ink channel and thus generates pressure oscillations inside the ink channel. These pressure oscillations push the ink droplet out of the nozzle. A detailed description of the droplet jetting process can be found in [3] . The print quality delivered by an inkjet printhead depends on the properties of the jetted drop, i.e., the drop velocity, the drop volume and the jetting direction. It should be observed that existing inkjet printheads were originally designed for printing documents. However, the increasing number of new applications put a tremendous demand for higher performance. To meet the challenging requirements, the ink drop properties have to be tightly controlled. The factors which influence the drop properties and subsequently the productivity and performance of the inkjet printhead are:
• Residual pressure oscillation. The actuation pulses are designed to provide ink drop of specified volume and velocity under the assumption that the ink channel is at steady state. Once the ink drop is jetted, depending on the geometry of the ink channel and the ink properties, the pressure oscillations inside the ink channel take several tens of µ s to decay. If the next ink drop is jetted before the settling of these residual pressure oscillations, the resulting drop properties will be different compared to the earlier drop.
• Cross-talk. This is the phenomenon wherein the fluid-mechanics behavior of an ink channel is affected when its neighboring ink channels are actuated simultaneously. The two major sources of cross-talk are the acoustics and the structural interactions. A pressure wave within one channel can propagate to other channels as they are all connected to the same reservoir. This phenomenon is known as the acoustic cross-talk. In addition, the ink channel can be deformed due to the actuation of the piezo unit of the neighboring channels and also due to the higher pressure inside the ink channel itself. This is known as structural cross-talk. Because of the cross-talk between neighboring channels we see a considerable variation in the drop velocities.
For a good print quality, it is of utmost importance to jet ink drops at a constant velocity irrespective of the jetting frequency. The operational issues mentioned above can severely degrade the printhead performance. In practice, the printhead performance is characterized by the so-called DoD curve which represents the ink drop velocity as a function of the jetting frequency (which is also called the DoD frequency). Ideally, the DoD curve must be flat. However, this DoD curve is far from flat mainly due to the residual oscillations and it is further deteriorated by the cross-talk. This can severely affect the jetting pattern and can reduce the print quality. In this paper, in order to improve the drop consistency we propose a method to effectively damp the oscillations in an ink channel caused due to transients effects (i.e., the residual oscillations) and due to the cross-talk effect. Based on a MIMO model of the printhead, one may think of designing separate actuation pulses for each ink channel using advanced control techniques. However, this would lead to a complex implementation which may not be feasible due to the electronic hardware limitations. In this paper, we propose a simpler scheme wherein the same actuation pulse (parameterized by the parameter vector θ) is applied to all ink channels, but the actuation of the even ink channels is delayed by t a seconds to reduce the cross-talk among the neighboring ink channels. This actuation delay t a is obtained as the solution of optimization problem using the identified inkjet printhead model. Moreover, simulation and experimental results are presented to show that this approach is the best compromise between performance and implementation complexity.
Main contributions
Generally, inkjet practitioners rely extensively on experimental tuning (see [4] [5] [6] [7] [8] [9] [10] ) to fine tune the printhead performance. This is due to insufficient knowledge of the geometry and the dynamics of the inkjet printhead . The designers of these printheads often use simple physical models to predict the system behavior. In [11] , we have proposed a technique to design the actuation pulse using such a physical model. However, it is not always possible to obtain a reasonably accurate physical model for an ink channel. Especially, physical modeling of a multi-input multi-output (MIMO) inkjet printhead, including the cross-talk effects, is a difficult and a time consuming task. In this paper, we propose a two step procedure to design the actuation pulse for a printhead. In the first step, we obtain a MIMO model of the inkjet printhead using system identification with experimental data. In the second step, we use a feedforward control technique to re-tune the actuation pulse. The feedforward control technique proposed in this paper is an extension of [11] to handle the MIMO case. Thus, the proposed procedure will be very useful for inkjet practitioners as they can improve the system performance without knowing the physical architecture of the printhead. Moreover, it will also be useful for printhead designers to validate their physical model and to quickly design the actuation pulse.
Model development
In order to obtain a MIMO model G(q) of a DoD inkjet printhead using experimental measurement we utilize system identification. In [11] we have used the meniscus § velocity as the output variable to monitor the inkjet system performance. However, it is difficult to experimentally measure the meniscus velocity when an ink channel is § The meniscus is an interface between the ink and air in the nozzle.
jetting. Therefore, we exploit the self-sensing mechanism of a piezo-unit and use it simultaneously as an actuator and a sensor. We obtain a model from the piezo input to the piezo sensor output (which is proportional to the derivative of the channel pressure) which gives us sufficient insight about the jetting process.
A similar identification approach is used in [3] wherein, experimental data are obtained when the ink channel is in the non-jetting condition. A low amplitude (nonjetting) multi-sine is used as an excitation signal and the piezo sensor response is measured. A frequency response of the inkjet system is estimated using the measured input-output data. The underlying assumption in this approach is that the dynamics between the piezo input and the piezo sensor output do not change whether or not the channel is in the jetting condition. In our recent work [11] , it is shown that such an assumption is very restrictive because the refill dynamics and the nonlinearities in drop formation have a significant influence on the input-output relation. Therefore, for identification we use the input signal which is used in practice to jet ink drops. In this way we obtain a nominal model G(q) valid under the working conditions. Furthermore, as the influence of the refill dynamics and the nonlinearities on the jetted drop will change with the change in the jetting frequency, the inkjet model obtained at different DoD frequencies will not be the same. Therefore, we carry out a number of identification experiments at different DoD frequencies. For each experiment, we use a trapezoidal pulse with a given DoD frequency as an excitation signal because the trapezoidal pulse enables the jetting process and the drop formation. We adopt the prediction-error method (time-domain identification) to obtain a transfer function model of the inkjet system. Thus, we obtain a set of dynamical models (i.e., one at each DoD frequency) which can be represented by an uncertain inkjet system G(q, ∆) with ∆ the perturbations on the parameters of the nominal inkjet system G(q). The perturbations ∆ are contained in a compact uncertainty set ∆, i.e. (∆ ∈ ∆) (In Section 3.1, we will discuss this in detail.). Clearly, such a model description, G(q, ∆), inherently contains the effects of the refill dynamics over the operating range of DoD frequencies. Using G(q, ∆) the actuation pulse is designed with a robust feedforward technique that is described below.
Design of actuation pulses
In order to improve the print quality, we focus on addressing the issues of residual oscillations and cross-talk using a systems and control approach. In [12] , we discussed in detail the limitations of the control hardware which allows one to use only feedforward control policies and presented an optimization-based technique to design the actuation pulse. In theory, it is possible to use any off-the-shelf feed-forward MIMO control method to obtain a good actuation pulse. However, we are faced with a practical constraint. The driving electronics hardware of our printhead can only use trapezoidal pulses (see [12] ). To overcome this constraint, we have defined the actuation pulse so that it contains a positive trapezoidal pulse used for jetting a droplet and a negative trapezoidal pulse to damp the residual oscillations in an ink channel. Additionally, we introduce an actuation delay t a when exciting the neighboring channels. This ensures that cross-talk is reduced as no two neighboring channels are excited at the same time. As discussed earlier, this is a good choice because it reduces the complexity of the implementation and hence, cheaper electronics hardware can be used. The actuation delay for a pre-specified number of neighboring channels and the actuation pulse parameters are obtained as a solution to an optimization problem. These optimized parameters guarantee a minimum performance over all the models in the uncertain inkjet system G(q, ∆), ∆ ∈ ∆. A detailed discussion on the design and implementation of actual pulses is given in Section 3.
The proposed method is different from our previous contribution [11] in two aspects. The first one is that the model for control is identified compared to the use of a physical model in [11] and the second one is that the robust actuation pulse design is extended in this paper to handle the MIMO control problem compared to the SISO control problem in [11] . In order to validate the proposed methodology, we use an experimental smalldroplet printhead, developed at Océ Technologies. Simulation and experimental results are presented to show the usefulness of the proposed method.
System Description and Modeling
The DoD inkjet printhead under investigation is shown in Figure 1 which consists of two arrays of 128 ink channels each. Typically, this printhead uses ink which is in the solid-state at room temperature. Therefore, a melting unit (a) is provided to heat solid ink balls and transform the ink in the liquid-state. The ink is then filtered through the primary filtering unit (b) before transferring to the reservoir unit (c). The channel plate (e), on which 256 ink channels are carved (128 channels on one side), is attached at the bottom of the reservoir. For printing purpose, the printhead is mounted vertically and this will result into draining of the ink due to gravity. To avoid this, pressure inside the printhead is maintained slightly below the atmospheric pressure using the static pressure hose (d). Flexible electronic cables (f) are used to supply driving input to all ink channels.
In order to understand the internal construction of a single ink channel a crosssectional view of an ink channel is shown in Figure 2 . A secondary filter is placed before the ink channel to remove impurities from the liquid ink. A metallic nozzle-plate with drilled holes, which act as nozzles, is attached at the end of the channel plate. One wall of the ink channel is formed by a flexible foil to which a piezo unit is attached. The piezo unit acts as an actuator and on the application of a voltage, it deforms the wall of the ink channel. The deformation generates pressure waves inside the ink channel and when specific conditions are met, a droplet is jetted [3] . 
Data-based modeling
The inkjet printhead at Océ Technologies consists of two arrays each containing 128 ink channels. In general, developing a MIMO model for such a large number of inkchannels is a complex and daunting task. Given the geometrical arrangement in the printhead, it is well known that a particular ink-channel is affected only by those inkchannels which lie in its close proximity. This clearly reduces the complexity of the identification problem, mainly because a large number of non-diagonal elements in the transfer matrix G(q) are rendered zero. For the printhead considered in this paper, experimental investigation had shown that the n-th ink-channel is dominantly influenced by its immediate neighbors, that is the (n−1)-th and (n+1)-th ink-channels. Exploiting this structure, we proceed to identify a simplified MIMO model which is consists of a series of Multi-Input-Single-Output models, as shown in Figure 3 . Figure 3 . Schematic diagram of the inkjet channel with the cross-talk
As discussed in the introduction, we measure the piezo sensor signal y n of the n-th channel (for details of the measurement technique see [11] ). Observe that in Figure 3 , the piezo sensor output y n is the sum of contributions from the n-th channel and its immediate neighbors:
where u j is the input from the j-th ink-channel, G ij (q) is the transfer function from the j-th ink channel to the piezo sensor output of the i-th ink channel and q is the forward shift operator, k is the discrete time index such that kT s gives the time and T s is the sampling time.
Additional observations that help us in further simplifying the model structure are:
(i) The geometry of all the ink-channels is identical leading to very similar inputoutput relations. The absolute channel to channel variation in the frequency of the fundamental resonant mode due to manufacturing tolerances is less than 2 kHz .
(ii) The cross-talk effects due to the left and right neighboring ink-channels are similar due to symmetrical structural arrangement.
These two observations lead to:
The deviation in the first resonant mode frequency caused by manufacturing tolerances is negligible and will not be considered for further analysis.
where G d (q) is a transfer function for the direct dynamics and G c (q) a transfer function for the cross-talk.
Using (2) , the response of the piezo sensor signal y n of the nth channel (1) can be simplified as follows:
In other words, the MIMO system identification problem for a printhead has now been reduced to identifying two single input single output (SISO) models G d (q) and G c (q). G d (q) will be identified by exciting only at the n-th channel (u n−1 = u n+1 = 0) and G c (q) will be identified by exciting only at the (n + 1)-th channel (u n = u n−1 = 0).
Prior to discussing the identification results, in the next section we provide an overview of the identification procedure which we will use for the identification of G d (q) and G c (q).
Overview of Prediction-Error Identification Method (PEM) Framework
Consider the identification of a SISO system, e.g. identifying the direct dynamics G d in (3) by applying excitation signal u only at the n-th channel (u n−1 = u n+1 = 0). The measured output signal y(k) of the true system S is assumed to be generated as follows:
where G 0 (q) is a linear time-invariant dynamical system, u(k) is an input sequence, and v(k) denotes the measurement noise. Note that the measurement noise is not correlated to the input u(k). Further, the measurement noise v(k) is modeled as v(k) = H 0 (q)w(k) with H 0 (q) a linear time-invariant monic stable filter, and w(k) a stationary stochastic zero-mean white noise process with variance σ 2 w . The objective of PEM is to find the best parametric models G(q, ψ) and H(q, ψ) for the unknown transfer functions G 0 (q) and H 0 (q) using a set of measured data u(k) and y(k) (k = 1, ..., N ) generated by the true system S. The set of models {G(q, ψ), H(q, ψ)} is denoted by M. If we choose the parametrization M rich enough to describe the true system S then there will exist a parameter ψ 0 such that G(q, ψ 0 ) = G 0 (q) and H(q, ψ 0 ) = H 0 (q), i.e. S ∈ M. Note that the input signal used in the identification experiment should be persistently exciting ¶.
Parameter Estimation
For the measured input-output data and a model {G(q, ψ), H(q, ψ)} ∈ M we define the prediction error (or the residuals) ǫ(k, ψ) as follows [14] :
(5) ¶ The input excitation signal is called persistently exciting if the number of parameters to be identified in G are smaller than the order of excitation of the input signal. The order of excitation of the input signal is n if the power spectrum of the input signal is unequal to 0 at n number of points in the normalized frequency interval (−π, π) (for details, see [14] ).
Given the measurement data Z N := {y(k), u(k)|k = 1, ..., N } the parameter vector ψ N of the identified model G(ψ N ) and H(ψ N ) of G 0 and H 0 is determined by minimizing the power of the prediction error
It is important to note that, when S ∈ M, the identified parameter vectorψ N is a consistent estimate of ψ 0 , i.e.ψ N → ψ 0 with probability 1 when N → ∞ [14] .
Model Structure Validation
With the parameter estimation procedure, the optimal model within the chosen model structure can be obtained. However, if the model structure M is not able to describe the true system S, this optimal model will be a poor estimate of G 0 and H 0 . It is thus crucial to know whether the model structure is rich enough to represent the true system, i.e. S ∈ M. The residuals are the differences between the model output and the measured output and hence, they represent the portion of the data which are not explained by the model. Thus, statistical analysis of ǫ(k) = ǫ(k,ψ N ), such as the autocorrelation function R ǫ and the cross-correlation function R ǫ u defined as follows are useful for model structure validation:
Consequently,R ǫ and R ǫ u could be considered as an estimate of R ǫ = σ 2 w δ(τ ) (where δ(τ ) is the unit pulse) and R ǫ u (τ ) = 0, ∀τ . Using the variance of these estimates confidence bounds can be obtained in whichR ǫ andR ǫ u should lie to validate the hypothesis S ∈ M [14] .
Model Validation
To further validate the model, another dataset Z val = {y, u} can be used to verify the ability of the model to predict y(k) from u(k). For this purpose, y(k) can be compared toŷ(k) =Ĝ(q,ψ N )u(k). A good measure of the fit between y andŷ is :
whereȳ is the mean of y. When S ∈ M, the Best Fit is a measure on how good the modelĜ is able to reproduce the data. It is also possible to deduce uncertainty bounds around the frequency response of the identified model G(q,ψ N ) using the covariance of the identified model (for details, see [14] ).
Design of the standard resonating pulse
To describe the dynamics of the system as they are observed during the jetting condition, the input signal u(k) used to collect data for the identification should be an input which jets drops. If we knew G d , it would be easy to determine such a pulse. Indeed, it is well known that the jetting pulse should be a positive trapezoidal pulse with the pulse duration equal to the half of the time period of the first resonant mode of the ink channel [10] . Note that the pulse duration for the the piezo actuation pulse is defined as the sum of all the time parameters of the pulse (e.g. for an actuation pulse with only a positive trapezoidal pulse, the pulse duration is equal to the sum of the rise time, fall time and dwell time). However, G d is not known at this stage. In order to circumvent this chicken and egg problem we have identified, using the procedure presented in the next section, an initial model of G d using trapezoidal input (with the pulse duration 3 µs and the amplitude 25 V) which is not guaranteed to jet a drop. This allowed us to determine that the first resonant frequency is around 80 kHz. We have therefore designed our input for the identification as a trapezoidal pulse of the pulse duration 6 µs (i.e.
) and the amplitude of 25 V. The rise time and the fall time + in the trapezoidal pulse is chosen equal to 1.5 µs. This pulse will be called the standard resonating pulse in the sequel. It is important to note that if this pulse allows to jet a drop, it is certainly not a pulse which leads to a flat DoD curve since it has not been designed to reduce the residual oscillations and the cross-talk.
Identification of the direct dynamic G d
As discussed in the introduction, due to various effects which occur only when the ink channel is jetting and influencing the drop properties, it is important to obtain the ink channel model in the jetting condition. Therefore, at a lower DoD frequency, say 15 kHz, we collect the piezo input and the piezo sensor output while jetting several ink drops. Note that we have chosen 15kHz arbitrarily and one may choose a frequency where the pressure oscillation is completely damped before the starting of the next actuation. The standard pulse, u n (k), designed in the previous section is used for jetting the drops from the channel number 65, see Figure 4 .b. We apply input only to one channel and set the inputs of other ink channels to zero. Note that in the actual experiment, the number of pulses are equal to 360 and we show only the first three pulses in Figure 4 . The sampling frequency is 2.5 MHz and the length of the measured data is 60 × 10 3 samples. Recall that unlike [3] the input signal used is close to the operating conditions and also meets the persistence of excitation condition (see [14] ) for the model structure that will be chosen. The response of the piezo sensor, y nn (k), to this excitation is also given in + The rise time and the fall time of the standard pulse mainly influence the satellite drops. For the ink (viscosity equal to 10 · 10 −3 Pa·s) used in the printhead under consideration, the influence of the rise time and the fall time is almost negligible on the satellite drops for constant pulse duration. For the higher ink viscosity practitioners may have to do some additional experiment to fine tune the rise time and the fall time of the standard pulse. Note that the Prediction-Error identification encounters numerical problem when the sampling frequency is too high compared to the dynamics of the interest. Therefore, the experimental data is down-sampled by a factor four using the MATLAB command decimate . The Prediction-Error identification algorithm (the MATLAB command bj available in the MATLAB Identification Toolbox) is employed on the down-sampled experimental data of length 2000. This gives us a discrete time transfer function. Its frequency response is shown in Figure 6 (solid-line). The chosen model structure M uses different parameters for the model G and H (i.e. Box-Jenkins model structure) and the order of G is 6 and the one of H is 2. As seen in Figure 5 , due to the inherent nonlinearities of the system, this model structure is not completely validated asR ǫ and R ǫ,u do not stay within their confidence bounds. However, since increasing the model orders does not improve the results of the model structure validation test, we have opted for this model structure.
To validate further our model we used a set of the down-sampled data of length 2000 which is different from the data set used for identification. In Figure 7 , we compare the actual measured output y of this data set with the simulated outputŷ(k) =Ĝ(q)u(k). We do not see major difference and this is confirmed by the value of the Best Fit equal to 85.29%. Note that the data presented in Figure 7 is down-sampled and hence, there is a change in the peak to peak amplitude due to removed samples with respective to Figure 4 . In the sequel we will refer to the model identified in this section and represented in Figure 6 as the nominal direct dynamics G d . of 15 kHz. We observed that changing the DoD frequency significantly changes the input-output properties, thereby giving rise to a different model (see Figure 8 ). This dependence of the identified model on the DoD frequency can be attributed mainly to the refilling effect of the ink-channel. Once a drop is jetted, the meniscus position and velocity are influenced by how the ink-channel is refilled. This effect is also visible in the variations of the channel pressure and influences the transfer function between the piezo input and the piezo sensor output. To get a thorough understanding of this dependence, we carry out a number of experiments to obtain input-output data at various DoD frequencies (ranging from 20kHz to 70kHz). By repeating the Prediction Error identification algorithm on all these data sets we obtain a set of models. The Bode magnitude plots for several DoD frequencies are shown in Figure 8 .
Dependence on DoD Frequency
In Figure 8 , observe that at all considered DoD frequencies, the model contains two resonant modes. The frequency at which the first resonant mode occurs varies significantly i. dB) respectively. The variation in the second peak will be neglected since higher order peaks are known to be of less influence for the ink drop properties when compared to the first resonant mode [15] .
Identification of the cross-talk dynamics
In order to obtain the cross-talk dynamics G c , we actuated the first neighbor of the n-th ink channel (i.e. the input signal u n+1 (k) corresponding to the (n + 1)th channel) with the standard pulse. Figure 9 shows measurement of the piezo input u n+1 (k) and the piezo sensor y n(n+1) (k) on the experimental setup. We again use Prediction Error identification algorithm with the same Box-Jenkins model structure and the same orders for the model and noise as used previously. The frequency response of the identified transfer function is shown with a solid line in Figure 11 . Similar to Section 2.3, we have done the model structure validation (see Figure 10 ) and we have compared the simulated output and the actual output using validation data. The Best Fit is here 80.66% (see Figure 12) . We have seen that the direct dynamics depend on the DoD frequency due to the refill effect. However, the cross-talk does not depend on the DoD frequency. This is mainly due to the fact that cross-talk occurs due to structural deformation which is entirely independent of the DoD frequency. Also, the contribution of the acoustic influence (which may depend on the DoD frequency) in the cross-talk is negligible compared to the structural deformation for the printhead under consideration [13] . Figure 11 . Frequency responses of the identified cross-talk dynamics G c .
Feedforward Control Design
In the previous section we have seen that system identification can be used to obtain a model of an inkjet printhead. In this section, we will design improved actuation pulses using this model. In [12] , we have discussed in detail the limitations of the control hardware which restrict us to use a feedforward strategy to control the inkjet system. Generally, the driving electronics (i.e., the application specific circuit (ASIC)) has a limited computational capacity which restrict the range of the actuation pulses that can be generated in practice. For the ASIC used in the printhead under consideration, the only possible choice for the actuation pulse is the trapezoidal waveform. Figure 13 shows the parametrization of the actuation pulse.
The actuation pulse u(k, θ) consists of a positive trapezoidal pulse (called the Figure 13 . Proposed piezo actuation pulse.
resonating pulse), which is responsible for jetting the ink drop, followed by a negative trapezoidal pulse (called the quenching pulse) which damps the residual oscillations, see Figure 13 . The actuation pulse is parameterized by the rise time (t r ), the dwell time (t w ), the fall time (t f ) and the amplitude (V ) of both the resonating and the quenching pulse. The time interval between the resonating pulse and the quenching pulse is t d Q . Thus, an actuation pulse u(k, θ) is defined by the parameter vector
Note that the amplitude of the pulse is expressed in Volts. The time parameters in θ are expressed in number of samples. However, for clarity, we will express in the sequel these parameters in µ s by multiplying the number of samples with the sampling time T s .
In order to design the piezo actuation pulse u(k, θ), we design a template y ref for the desired piezo sensor signal, i.e., a piezo sensor signal profile with fast decaying residual oscillations. Based on this template y ref (k) and the models determined in Section 2, one can determine u n (k, θ) as the one minimizing the squared tracking error e(k), e(k) = y ref (k) − y n (k).
Desired reference sensor signal
To obtain y ref (k), we determine the response y(k) of the model G d (q) when the standard pulse, designed in Section 2.3, is used as the input. The standard pulse for the inkjet printhead introduced and designed in Section 2.3 corresponds to the parameter vector θ std = [1.5 3.0 1.5 25 0 0 0 0 0]
T . This response y(k) has two parts as shown in Figure 14 by the dashed line. Part A of the response y(k) allows the drop to be jetted at the desired drop velocity. Approximately at 12 µs the droplet is jetted. Since we want to jet the ink drop at the desired ink-drop velocity, y ref (k) should be the same as y(k) in Part A. Part B of the response y(k) represents the residual oscillations and hence, y ref (k) is brought to zero in this part.
If the actuation pulse is designed in such a way that the piezo sensor signal y(k) follows the reference trajectory y ref (k), then the channel will come to rest very quickly after jetting the ink drop. This will create the condition to jet the ink drops consistently at higher jetting frequencies. 
Uncertain ink-channel model
In Section 2.4.1, we have seen that the direct dynamics between the piezo input and the piezo sensor output of the ink channel are influenced by the DoD frequency. In order to design an actuation pulse, which can effectively work over the operating range of DoD frequencies, a set of identified models is used instead of a single model G d (q). It is possible to cover the set of identified models by perturbing the nominal parameters of the model G d (q) in an uncertainty set ∆. Thus, every identified model can be represented by an uncertain inkjet system G d (q, ∆) * , ∆ ∈ ∆, where ∆ is a perturbation on the nominal parameters of G d (q).
As discussed in Section 2.4.1, we only consider perturbation on the first resonance peak. We neglect the variation in the second peak since higher order peaks are known to be of less influence for the ink drop properties [15] . Recall that for the first resonant mode the variations in frequency and amplitude is [76.50 93.18] kHz and [13.87 17.80] dB, respectively. Using these variations in the mode properties we design the uncertainty set ∆. The procedure for to design ∆ is given in our previous work [16] . We consider perturbation on only two parameters related to the frequency and the amplitude of the first resonant mode, thus, the dimension of ∆ is 2 (i.e. ∆ ∈ R 2 ). The frequency response of this uncertain system G d (q, ∆), ∆ ∈ ∆ is shown by the shaded area in Figure 15 . This shaded area approximately represents the variations of the first resonant mode observed in Figure 8 . At lower frequencies, i.e. from 1 × 10 4 to 3 × 10 4 Hz, the system gain is small. Hence, it is not required to match this part of frequency response very accurately. Figure 15 . Uncertain direct dynamics G d (q, ∆) * With some abuse of notation we denote the inkjet system with uncertain parameters by G d (q, ∆).
Constrained Robust MIMO feedforward control
In the previous section, we represented the set of multiple models obtained for the direct dynamics at different DoD frequencies by G d (q, ∆), i.e. the nominal model G d (q) with a compact uncertainty ∆ ∈ ∆. In [11] , we presented a method to design a robust actuation pulse, which ensures a minimum performance for all systems in the uncertainty ∆ rather than obtaining an optimal actuation pulse whose performance is only good for one single element of this set [12] . In this section, we present the extension of this method to the MIMO case in order to minimize the effect of the residual oscillations and the cross-talk.
Our goal is now to design an actuation pulse u(k, θ), with the pulse parametrization θ proposed in Figure 13 , to damp the oscillations in an ink channel caused due to transients effects (i.e. the residual oscillations) and due to the cross-talk effect. We discussed in Section 2.1 that an ink channel is mainly influenced by the crosstalk from the immediate neighbors. Moreover, this cross-talk influence is maximum when the neighboring channels are actuated simultaneously. One may think of using advanced control techniques to design complex actuation waveform to jet all ink channels simultaneously ensuring the drop consistency. However, this would lead to a complex implementation which may not be feasible due to electronic hardware limitations. Therefore, avoiding simultaneous actuation of immediate neighbors is a simple and an effective solution to minimize the cross-talk influence from the implementation point of view. A common practice in the printing industry is to delay the actuation of immediate neighbors by time t a . The actuation delay t a is generally obtained through trial and error. Here we propose to optimize the value of t a using the identified model. Now, we club all the even number of ink channels as one group and all the odd number of ink channels as another group. We apply u(k, θ) to both even and odd channels, but the actuation of even channels are delayed by time t a (µ s). Thus, the piezo sensor output of even channels (except for 128th channel) is given as follows
The piezo sensor output of the odd channel (except for 1st channel) is given as follow:
For the first and the last channel, only one neighbor will contribute for the cross-talk. Note that the dimension of the parameter space of ∆ is only 2 and hence, we can easily grid the parametric uncertainty ∆. Let the set S be the grid on the parametric uncertainty ∆, defined as
In order to minimize the residual oscillations and the cross-talk and achieve drop consistency it is important that the piezo sensor signals should follow the reference signal closely. To be more precise, for a given parameter vector θ and the actuation delay t a , we define the performance index J (t a , θ) as the worst-case sum of squared error computed at each of the m grid elements, i.e.:
for even channel: J e (t a , θ) = max
where N =
T Ts
, T s is the sampling time, T is chosen equal to 100 µs. For control purposes, we have changed the sampling time of the identified models in Section 2 from 1.6µs to 0.1µs using MATLAB command d2d.
Note that since the input for the even channel u n (k − t a , θ) is delayed by t a , if we do not delay y ref then the value of J e will increase largely. Therefore, in (12) y ref for the even channel is also delayed by t a . Now, depending on whether the neighboring channels are actuated or not, we have four scenarios for an even channel given in Table 1 and similarly for an odd channel given in Table 2 . Note that '1' indicates jetting with actuation pulse u(k, θ) and '0' indicates non-jetting, i.e. actuation pulse is not applied or u(k) = 0. For the i-th case, the performance index J (t a , θ) evaluated as described in (12) is denoted as J i (t a , θ), i = 1, ..., 4. 
One can observe that Case-1 represents the SISO case wherein we have to damp the oscillations caused solely by the transients in the ink channel (or the residual oscillations). The remaining cases involve both the residual oscillations and the crosstalk. Note that in equations (9)- (10) the cross-talk effect from the left and the right neighbor is modeled by the same transfer function G c (q). Hence, Case-2 and Case-3 are the effectively same. Based on equations (9)- (10) we can also conclude that the Case-4 is the worst-case as the cross-talk disturbance is maximum in this case. Particularization of (12) to the cases in Table 1 and 2 is constituted as as follows:
It is clear that J 1 (t a , θ) represents the SISO control and J 4 (t a , θ) is the worst-case for the MIMO control. Considering the fact that we need a single actuation pulse which should perform well for both the SISO and the MIMO case, using only J 4 (t a , θ) for optimization may lead to a pulse which may not perform fairly good for the SISO case. Therefore, we propose to optimize t a and θ as solution of the following multi-objective optimization problem:
subject to 0 ≤ t a ≤ t
where
] is the user defined weighting, t UB a is the upper bound on the actuation delay and θ LB and θ U B are the vectors containing the lower and the upper bounds on each element of the parameter vector θ. This is a constrained nonlinear optimization problem and can be solved off-line using standard algorithms. We use the MATLAB function fmincon. This function implements a range of optimization techniques. In our experiments we used the default option which is sequential quadratic programming.
Note that due to actuation delay t a drops deposited on the substrate will not be perfectly aligned. However, it reduces the maximum placement error and ensures uniformity in the print. Therefore, one has to set an upper bound on the actuation delay t UB a depending on the application such that the placement error caused by t a does not affect the print quality. A typical printhead carriage speed in Océ printers is around 80m/min and the actuation delay 10 µs does not have any effect on the print quality for document applications. Therefore, we have chosen the value of the upper bound on the actuation delay t UB a equal to 10 µs.
Unconstrained Optimal MIMO feedforward control
In the previous section, we have presented a method to design a constrained robust feedforward control for a MIMO inkjet printhead. As discussed earlier, this pulse shape constraint is imposed by the driving electronics of the printhead under consideration.
With the rapid development in electronics, this will no longer be the case in the near future. Even presently, for many research and dedicated applications, practitioners are using waveform generators to generate unconstrained actuation inputs. In view of this, it is important to have a simpler and efficient method to design unconstrained actuation pulses to tackle the residual oscillations and the cross-talk. Note that for simplicity we will here not consider the uncertainty on the direct dynamics G d .
In [12] , we have proposed a simple filter-based approach to design an unconstrained actuation pulse for a single ink channel. We can extend this method to a MIMO inkjet control problem. Let u e (k) = u n (k) and u o (k) = u n+1 (k) be the actuation pulses for even and odd ink channels respectively with n = 2, 4, ..126. The improved electronics would certainly also allow the use of a different pulse for each case in Table 1 and 2 (instead of one pulse for all the cases as in Section 3.3). Here, we present the methodology for case 4 (the other cases can be determined similarly).
For this case, we can write the sensor outputs of even and odd channels in the following compact representation using (9) and (10) y e (k)
Similar to [12] , we parameterize the to-be-designed actuation pulses as the pulse response of a finite impulse response (FIR) filter:
T are vectors containing the coefficients of the FIR filter and δ(k) is the unit pulse. When the dimensions of β e and β o are chosen equal to the desired length of the actuation pulse, this parametrization allows to generate actuation pulses of arbitrary shapes.
For an arbitrary vector β e and β o , the responses of the even and odd ink channel to the input u(k, β e ) and u(k, β o ) are given by
where g d (k) and g c (k) are the pulse responses of the known direct dynamics G d (q) and cross-talk dynamics G c (q). The optimal actuation pulses u e (k, β 
is the upper bound on the actuation delay. The above problem (18) leading to the unconstrained actuation pulse is a nonlinear optimization problem similar to (14) . However, for a given actuation delay t a the optimization problem (18) leading to the unconstrained actuation pulse will reduce to a linear least-squares problem and thus, can be solved easily. One can then do a line search to obtain the optimal delay t a .
Remark:
The optimization problem (18) uses the nominal model of the direct dynamics and leads to an optimal actuation pulse. Readers interested in the design of robust unconstrained actuation pulse are referred to [17] .
Simulation results
In the previous section, we presented design methods for the constrained and the unconstrained MIMO feedforward control of a DoD inkjet printhead. In this section, simulation results are presented. We first consider the constrained feedforward control wherein the actuation pulse is constrained to have the trapezoidal shape of Figure 13 . We solved the nonlinear optimization problem (14) with λ = 0.8 delivering the robust trapezoidal pulse and the robust actuation delay using the fmincon function of the MATLAB's optimization toolbox. The robust actuation delay t rob a obtained by solving the optimization problem (14) is equal to 7.93 µs and the robust parameter vector θ rob is given as follows θ rob = [1.50 3.00 1.50 24.06 6.23 3.18 0.76 3.17 − 11.87]
T .
In order to see the improvement with the proposed method we compare its results with the standard pulse which we designed with only the knowledge about the first resonant mode. In Figure 16 .b we compare the standard pulse u std (k) and the robust pulse u rob (k) = u(k, θ rob ). In Figure 16 .a, we compare the piezo sensor signals generated by the nominal direct dynamics G d (q) in response to the robust pulse and the standard pulse. As expected, we observe in Figure 16 .a that the robust pulse u rob (k) is more effective in damping the residual oscillations. This enables the sensor signal to track the reference trajectory very closely and thus, brings the ink channel to rest soon after jetting the ink drop. Note that we started the actuation pulse design with the standard pulse and also, with no compensation for the cross-talk. In Figure 17 we show the simulation of Case-4 (see Table 1 and 2) with the standard pulse, in which both immediate neighbors of an ink channel are jetting. It is clear that due to the residual oscillations and the cross-talk effect the piezo sensor signals do not track the reference signal nicely.
In Figure 18 ,we show the simulation of Case-4 (see Table 1 and 2) with u rob (k) and t rob a . Here, it can be observed that the actuation of the even channel u n (k) is delayed by t rob a compared to the actuation of odd channel u n+1 (k). This helps to minimize effect of the cross-talk and allows the sensor signal to follow the reference signal closely.
In Figure 18 .a, we observe that the constrained MIMO feedforward control significantly reduces the residual oscillations and the cross-talk. By considering the approach in Section 3.4, we will see whether an even better performance could be achieved with unconstrained MIMO feedforward control. For this purpose, we have solved the problem (18) with a FIR filter [F (q, β e ) F (q, β o )] T , where the length of the vectors β o and β o is chosen to be equal to 930. The optimal actuation delay t opt a obtained after solving (18) is 6.6 µs. The optimal unconstrained pulses obtained by solving (18) may contain high frequency signals and sudden transients due to numerical problems. Therefore, these pulses are filtered through a non-causal second order low-pass filter with a cutoff frequency of 500kHz. We have used the MATLAB function filtfilt for this purpose. The resulting actuation pulses are presented in Figure 19 .b. In this figure, we show the simulation of Case-4 (see Table 1 and 2) with these optimal unconstrained pulses. Note that the reference sensor signal for even channel is delayed by t opt a . Comparing Figure 18 .a and Figure 19 .a, we can see that the unconstrained feedforward control can provide a better tracking compared to the constrained feedfoward control when uncertainty on the inkjet system is neglected. As mentioned in Section 3.4, readers are recommended to use [17] to design the robust unconstrained actuation pulse in presence of uncertainty in the inkjet system.
Experimental results
The simulation results show that improvements can be achieved by using constrained MIMO feedfoward control. In this section, we present experimental results to show the improvements in the drop consistency with this proposed approach. As the printhead under consideration can only generate trapezoidal actuation pulses, we will not present experimental results with the unconstrained actuation pulses proposed in Section 3.4. The experimental setup is equipped with a CCD camera which can capture the images of jetted drops at an interval of 10µs. The details about the experimental setup, such as the camera, the microscopic lens, etc., can be found in [13] .
We first present the results with the robust pulse for Case-1 (the SISO case) to see the effectiveness of u rob (k) to damp the residual oscillations in a single ink channel. Similarly as in [12] , in each experiment we have jetted 10 ink drops from an ink channel at a fixed DoD frequency. We have done several such experiments for different DoD frequencies ranging from 20 kHz to 70 kHz, with a step of 2 kHz. The drop velocities of each of the 10 drops are shown in Figure 20 as a function of the DoD frequency (DoD curve). We observe that the robust pulse, shown in Figure 16 , almost flattens the DoDcurve. The maximum drop velocity variation over the operating DoD frequency range with the robust pulse proposed in this paper is 2.5 ms −1 where as the maximum drop velocity variation for the robust pulse in [11] is 2 ms −1 . Note that the robust pulse u rob in this paper is optimized by taking the cross-talk into account while the robust pulse in [11] is optimized for the SISO case. This may be the reason for increase in the drop velocity variation to 2.5 ms −1 from 2 ms −1 .The maximum drop velocity variation with the standard pulse is around 12 ms −1 [12] . This performance with the robust pulse based on identified models is not only significantly better compared to the standard pulse (see [12] ) but it is also fairly comparable to the robust pulse designed with a physical model Figure 19 . Simulated responses of the even and the odd channel (a) to the optimal pulse (b) generated through unconstrained feedforward control. [11] . This indicates that, with the proposed method, practitioners can achieve a similar performance than when using a physical model of the printhead. Remark: By adding an extra quenching pulse, the duration of the optimal pulse will always be longer than the standard pulse. The duration of the standard pulse is 6 µs while the one of the robust pulse (u(k, θ rob )) is 19.34 µs. A consequence of the longer duration of the pulse is that, within the range [0 70kHz] for the DoD frequency, the optimal pulses will overlap from a DoD frequency (1/19.34 µs)= 51.7 kHz. This does not happen for the standard pulse. In order to obtain Figure 20 for f DoD > 51 kHz, we have decided to superimpose the overlapping pulses. This means that, if we want to jet a series of N D drops at a DoD frequency f DoD larger than 51 kHz, we in fact apply the following voltage u overlap (k) to the piezo unit
where u opt (k) = u(k, θ opt ) the optimal pulse of duration 19.5 µs, and D k is the number of samples between two actuation pulses♯. In Figure 21 we have shown the computation of the overlapping pulse u overlap (k) for jetting three ink drops at DoD frequency 60 kHz using equation (19) . It can ♯ If T s is the sampling time and round(x) rounds a real number x to the nearest integer, D k is then equal to round( 1 TsfDoD ). Indeed, at a DoD frequency of f DoD , the time separating two successive actuation pulses is 1 fDoD second and D k must be an integer since u opt (k) is a discrete-time signal.
be seen that the actuation pulse for the second and the third drop is same as the actuation pulse for the first drop and the only difference is that they are delayed by time duration (in seconds) D k T s and 2D k T s respectively. Recall that k indicate discrete time index and it has to be multiplied by the sampling time T s to obtain time in seconds. The overlapping pulse u overlap (k) to jet three ink drops is obtained by adding the three pulses u rob (k), u rob (k − D k ) and u rob (k − 2D k ). Now, we present the experimental results to prove the efficacy of the proposed method to minimize the cross-talk effect. One can analyze the influence of the crosstalk on the drop velocities with a DoD curve obtained by the procedure mentioned above. However, plotting drop velocities of all 10 drops, with and without cross-talk, as a function of DoD frequencies, may be difficult to read. Therefore, we only analyze the influence of the cross-talk on the ink drop velocity of a continuous jetting process at different DoD frequencies. It means several thousands drops are jetted at a given DoD frequency before measuring the drop velocity. Due to the limitations of the experimental setup we cannot measure the DoD-curve for a continuous jetting sequence when the DoD frequency exceeds 51 kHz. Therefore, we have obtained the DoD-curve for the DoD frequency range of 10 kHz to 50 kHz. Figures 22 and 23 show such type of DoD-curve of the even channel, no. 66, and the neighboring odd channel, no. 67 obtained for the Case-4 discussed in Section 3.3 with the robust pulse u rob , shown in Figure 18 . In Figure 20 , we can see that the drop velocities for the first few drops are different from the rest of drops due to the transient effects. This transient effect decay after jetting of the first few drops and hence, it does not influence the measured drop velocity of a continuous jetting. Therefore, the DoD-curves in Figures 22-23 (obtained by a continuous jetting) for the no-cross-talk case are not exactly similar to Figure 20 . Note that the drop velocity of the 10th drop should be close to the drop velocity of a continuous jetting. Comparing the DoD-curve of the 10th drop in Figure 20 with the DoD-curves for the no cross-talk case in Figures 22-23 we can see a close match.
From Figures 22 and 23 , it can be seen that when immediate neighbors are actuated simultaneously (t a = 0), the maximum deviation in the drop velocity of the even channel over the DoD frequency range is almost 0.80 ms −1 due to the cross-talk effect. Whereas, the maximum deviation in the drop velocity of the odd channel is almost 0.83 ms −1 . Once we introduce the robust delay t rob a , as discussed in Section 3.3, the cross-talk effect is minimized significantly. It can be observed in Figures 22 and 23 that the drop velocities of the even and odd channels are almost brought back to the drop velocities without the cross-talk. This shows that the proposed method is effective in minimizing the cross-talk effect.
As discussed in the previous section, we started the actuation pulse design with the standard pulse and also, with no compensation for the cross-talk. In order to get a realistic insight about the performance improvements with the constrained MIMO feedforward control we jetted a sample bitmap pattern shown in Figure 24 . Figure 25 shows the image captured by the CCD camera of the bitmap pattern jetted by the standard pulse without the actuation delay, which is the initial step of actuation pulse design. For each nozzle, it can be seen that except for the first two drops, remaining drops are very slow and get merged into each other. This has distorted the jetted bitmap pattern considerably. Figure 26 shows the image captured by the CCD camera of the bitmap pattern jetted by the robust pulse u rob (k) with the robust actuation delay t rob a . It can be seen that except for the slower first drop, which is caught by the faster second drop, remaining drops travel with similar velocities. Similar to Figure 20 we can measure the drop velocities in the jetted pattern. Figure 27 and Figure 28 shows the drop velocities of all drops in the jetted bitmap pattern. Figure 27 is obtained with the standard pulse and Figure 28 is obtained with the constrained MIMO control. For the standard pulse, the drop velocity variation over all the nozzles is around 2.5ms constrained MIMO control reduces this drop velocity variation below 1.7ms −1 . Note that the average drop velocity with the robust pulse is higher compared to the average drop velocity with the standard pulse. This may be the effect of different the tail and satellite droplets in the drop formation process. However, one can manipulate the drop velocity in a shorter range by scaling the amplitude of the robust pulse.
It is evident from Figure 26 and Figure 28 that the proposed method is very effective to minimize the residual oscillations and the cross-talk influence.
Conclusion
In this paper we have proposed a model-based approach to improve the performance of a DoD inkjet printhead. The model required for control purposes is developed using experimental system identification. This is an advantage for printhead practitioners who do not have information about the printhead architecture and dynamics. It may be also useful for the printhead designers to validate their physical models or to obtain quickly a MIMO model of the printhead. We have minimized the system identification task using assumptions based on the geometry of the printhead. This process delivers a fairly accurate and less complex model. The direct ink channel behavior depends on the DoD frequency. Therefore, we proposed to represent this set of dynamical models by a compact parametric uncertainty ∆ ∈ ∆ on the nominal direct dynamics of the inkjet channel, i.e. G d (q, ∆). In order to tackle the residual oscillations and the crosstalk in the printhead with trapezoidal waveforms, we proposed to use constrained MIMO feedforward control. The solution of the robust optimization problem delivers the robust actuation pulse u rob (k) and the robust actuation delay t rob a . The robust actuation pulse effectively damps the residual oscillations in a single ink channel in the presence of parametric uncertainty. Further, this robust pulse is applied to all ink channels but the actuation of the group of even number of ink channels is delayed by t rob a with respect to the actuation of the group of odd ink channels. This effectively reduces the cross-talk effect by avoiding simultaneous actuation of immediate neighboring ink channels. Simulation and experimental results have demonstrated that a considerable improvement in the ink drop consistency can be achieved with the proposed constrained feedforward control compared to the standard pulse which was the starting point of the pulse design.
